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ABSTRACT Styrene oxide isomerase (SOI) is a part of the styrene degradation 
enzyme complex, performing the isomerization of toxic intermediate styrene oxide into 
phenylacetaldehyde. For many years, the enzyme was believed to be cofactor-independ­
ent, and hence, the mechanism of this enzyme was proposed to be acid-base catalysis. 
Recently, the presence of heme was identi�ed and reported in SOI from Pseudomonas 
sp. VLB120. Alongside, the membrane localization was also postulated since its discovery 
but lacks experimental proof. In this study, we highlight the localization of SOIs from two 
bacterial strains, Rhodococcus opacus 1CP and Zavarzinia compransoris Z-1155, heterolo­
gously overproduced in the cell membrane of E. coli via sfGFP-tagged fusions. In addition, 
the site-directed mutagenesis of acidic and basic amino acids in SOI from 1CP also 
showcased that histidine-57 is the axial ligand to the heme. Electron paramagnetic 
resonance (EPR) and biocatalytic assays showed arginine-111 possibly coordinating the 
propionate group of heme. The functional assays of di�erently tagged sfGFP with and 
without linkers, and the truncation of the terminal extension of SOI from 1CP and Z-1155, 
indicate their possible role in proper substrate channeling. It also supports the previously 
proposed SOI role as a membrane anchor for other enzymes in styrene degradation 
pathway.

IMPORTANCE Styrene oxide isomerase (SOI) catalyzes the isomerization of styrene oxide 
into phenylacetaldehyde in the side chain oxygenation of the styrene degradation 
pathway. Despite performing a key role in this pathway, the biology and biochemistry 
of this enzyme are poorly understood, particularly its catalytic mechanism, membrane 
localization, and structure-function relationships. SOIs from Rhodococcus opacus and 
Zavarzinia compransoris were produced as SUMO/sfGFP/mCherry fusion proteins. We 
successfully achieved the overproduction and performed site-directed mutagenesis to 
understand the catalytic mechanism, performed whole-cell assays, used �uorescent 
microscopy to assess the membrane localization, and constructed terminal trunca­
tions to assess structure-function relationships. The site-directed mutagenesis revealed 
histidine-57 as the axial ligand for heme. The �uorescence microscopy of sfGFP-fusion 
showed that SOI is a membrane-bound protein with both termini localized in the 
cytosol. The di�erence in activity of di�erently tagged SOI and truncation of the terminal 
extension showed that the termini might facilitate proper substrate channelling.

KEYWORDS Integral membrane protein, �uorescence microscopy, site-directed 
mutagenesis, EPR, sfGFP/SUMO, cytosolic termini, membrane anchor, terminal extension, 
truncation

S tyrene is one of the most produced compounds in the chemical industry, reaching 
millions of tons (1). It is a natural component in tar and can be found in plants 
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and food as a volatile and oily substance (2). It is a very important starting material for 
the synthesis of synthetic polymers such as polystyrene or styrene-butadiene rubber 
in the petrochemical industry (1, 3). In addition to chemical production, styrene is also 
formed in nature by plants and microorganisms. Some microorganisms are also able to 
break it down. Despite a signi�cant amount of release, the ecosystem was not recorded 
for styrene pollution due to naturally available styrene degradation routes. Numerous 
microorganisms are capable of using styrene as a sole carbon source. Particularly, styrene 
was reported to be degraded not only by several Pseudomonas strains (4–8) but also by 
Xanthobacter sp. strain 124X (9), Corynebacterium sp. AC-5 (10), Sphingopyxis fribergensis 
Kp5.2 (11), Rhodococcus sp. ST-5 and ST-10 (12), as well as Rhodococcus opacus 1CP (13).

The side chain oxygenation is a well-studied pathway for styrene degradation. Here, 
styrene is converted to phenylacetic acid with styrene oxide and phenylacetaldehyde 
as intermediate compounds. First, a two-component styrene monooxygenase (SMO) 
converts styrene to styrene oxide. The styrene oxide is then isomerized to phenylacetal­
dehyde by styrene oxide isomerase (SOI), which is then converted into phenylacetic acid 
by phenylacetaldehyde dehydrogenase (PAD) (8).

SOI is the least understood enzyme in this pathway, where its catalytic mechanism 
was hypothesized to be acid-base catalysis, following a rare Meinwald rearrangement 
(14). The reaction mechanism is to isomerize styrene oxide via a 1,2 intramolecular 
hydride shift (15). Recent studies on the overproduction of SOI using SUMO fusion (16) 
and our collaborative work on cryo-EM structure showcased the presence of heme as a 
catalytic cofactor (17).

In order to address the fundamental questions like understanding the catalytic 
mechanism, the structure-function relationships, and the membrane localization, we 
employed a holistic approach on the following two candidates that possess N-/C- 
terminal extension: SOI from Rhodococcus opacus 1CP (RoSOI1) and Zavarzinia compran­
soris Z-1155 (ZcSOI). First, we studied the fusion-based approach with SUMO, sfGFP, and 
mCherry to improve overproduction and enable �uorescence microscopic investiga­
tions. These constructs enabled the whole-cell biocatalysis, site-directed mutagenesis, 
and spectroscopic characterization to identify key catalytic residues. Additionally, we 
utilized �uorescence microscopy to elucidate the membrane localization and topological 
orientation of SOI. The altered activity pro�le depending on the tag position highlighted 
the impact of terminal extension in RoSOI1 (Fig. 1). In addition, we also generated 
various terminally truncated variants and examined the e�ect on activity, localization, 
and cofactor incorporation.

The current study provides new insights into the functional plasticity of the terminal 
extension for e�ective enzyme activity, thereby not only contributing toward a deeper 
understanding of SOI’s biology but also opening new avenues for engineering the 
enzyme for industrial applications.

RESULTS

Alphafold3-based SOI model prediction

The alphafold3-generated RoSOI1 model (18) with heme as a ligand showed a con�-
dence score of (90 > plDDT > 70) across the transmembrane domain. A low con�dence 
score was recorded near the termini and loops (70 > plDDT > 50), possibly indicating that 
those regions might be �exible. Cα-superimposition of RoSOI1 model with cryo-EM 
structure of PtSOI (PDB ID: 8PNV) showed an r.m.s.d value of 0.65 over 152 residues. This 
strongly supports the identity and integrity of the RoSOI1 model (Fig. 1) produced.

Site-directed mutagenesis of a highly conserved charged amino acid showed 
histidine-57 as an axial ligand for heme

Most of the work conducted on SOI was limited to whole-cell or crude extract samples 
due to its di�culties in solubilization. Until only recently, SOI was successfully puri�ed as 
a fusion with the SUMO protein solubilized in the Dodecyl-β-D-maltoside (DDM) 
detergent (16).
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To study the fusion-based expression strategies, three N-terminal fusion constructs, 
namely, SUMO, sfGFP, and mCherry, were generated with the RoSOI1 gene. Instead of the 
native substrate styrene oxide, the alternative substrate indene oxide was used to test 
the whole-cell biocatalysis assay. This is because the host E. coli contains endogenous 
aldehyde dehydrogenases that can metabolize or convert the natural product phenyla­
cetaldehyde, whereas the indene oxide converted into 2-indanone, catalyzed by SOI, 
cannot be metabolized by the host. The whole-cell biocatalysis con�rmed that all three 
fusion proteins retained catalytic activity (Fig. 2). Although GFP and mCherry fused SOI 
showed relatively higher product concentration in the whole-cell assay, the SUMO-
tagged SOI was chosen for site-directed mutagenesis. This selection was based on a 
previous report that the SUMO-tag enhances the gene expression and protein yield for 

FIG 1 Alphafold3 structure of RoSOI1. (a) Trimeric SOI localized in the membrane with both N- and C-termini localized cytosolically. The substrate tunnel 
proposed is shown with an arrow. The terminal extension is highlighted in a red circle. (b) View from the extracellular side, showing the heme localized at the 
protomeric interface. The residues chosen for site-directed mutagenesis are given in yellow and heme in red. (c) Closer view of active site heme with axial ligand 
histidine-57. The coordination of arginine-111 with heme’s propionate group is represented in dotted lines.
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SOI (16), which would be bene�cial for subsequent protein puri�cation and to study the 
catalytic mechanism.

In order to identify key residues in the active site, highly conserved acidic and 
basic amino acids were given importance. Based on the multiple sequence alignments, 
the residues E51, H57, K82, D94, and R111 from RoSOI1 were chosen for site-directed 
mutagenesis and were one-by-one substituted by alanine (Fig. 3). All variants retained 
activity in the whole-cell biocatalysis assay except H57A, which completely lost the 
isomerization activity (Fig. 4). Interestingly, puri�ed SOI appeared in reddish-brown color, 
indicative of presence of heme, which was consistent with the previously reported SOI 
(17). These �ndings marked a shift in understanding SOI’s mechanism from acid-base 
catalysis to a heme-mediated Lewis-acid catalysis (17).

Western blotting and heme staining of SDS-PAGE con�rmed the expression, 
overproduction of fusion proteins, and heme loading in all the constructs. On the 

FIG 2 Whole-cell biocatalysis of SOI-fusion proteins. The bar indicates the amount of product 2-indanone produced by di�erently tagged RoSOI1, along with WT 
(no tags). The samples were collected and measured in RP-HPLC immediately after adding substrate (0 min -light bars) and after 60 min of biocatalysis (dark bars). 
All the fusion proteins showed isomerization activity. The assay was performed in triplicate, and the bar indicates the average of the triplicate measurements, and 
the error bar indicates the standard deviation. The negative control was treated the same, without cells.
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contrary, the exchange of histidine to alanine (H57A) and cysteine (H57C, another most 
common ligand that coordinates heme) lost both activity and heme (Fig. 4; Fig. S1 
to S4). This highlights the essential role of H57 as the axial ligand for heme. Notably, 

FIG 3 Highly conserved amino acid residues in SOIs. WebLogo 3 shows the amino acids that are conserved in SOI sequences for the prediction of residues 
relevant to acid-base catalysis. Such residues chosen for site-directed mutagenesis from the model enzyme RoSOI1, E51, H57, K82, D94, and R111 are highlighted 
with red boxes in the alignment and with a green star in the consensus sequence logo. The alignment was performed with the following SOIs: ZcSOI 
(TDP40089.1), EmSOI (KIV94526.1), RoSOI2 (AII82580.1), StSOI (WP 022958324.1), RoSOI1 (AII82581.1), NrSOI (WP 028475659.1), RsSOI (MAI33794.1), and PtSOI 
(AAC23720.1) (the alignment is displayed partially; for a complete Clustal alignment, refer Fig. S8).
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the substitution of H57 with cysteine also failed to restore heme binding or activity, 
emphasizing the histidine-heme coordination.

Enriched membrane fractions of RoSOI1 variants showed similar activity pro�les of 
whole-cell assays and retained their reddish color, except H57A (Fig. 5; Fig. S4 and S5). 
Interestingly, the R111A variant retained the red color, indicating the heme incorporation 
but showed signi�cantly reduced activity, especially membrane puri�ed, suggesting a 
structural role along with an unknown function in catalysis. UV/VIS spectra of R111A 
revealed a lower protein-to-heme ratio than the wild-type, supporting the hypothesis 
that this residue R111 interacts with the propionate group to stabilize the heme (Fig. 
S5). This hypothesis is consistent with the reported cryo-EM structure of SOI (17). The 
discrepancy in activity of the R111A variant in whole-cell assay to enriched or puri�ed 
protein might be attributed to poorly coordinated heme in puri�ed solution compared 
with the whole-cell system.

FIG 4 Whole-cell biocatalysis of RoSOI1 variants. The bar indicates the amount of product 2-indanone produced by di�erent variants tagged with N-terminal 
SUMO to RoSOI1. The samples were collected and measured in RP-HPLC immediately after adding substrate (0 min -light bars) and after 60 min of biocatalysis 
(darker bars). All the variants showed isomerization activity except H57A and H57C. The assay was performed in triplicate, and the bar indicates the average of 
triplicate measurements, and the error bar indicates the standard deviation. The negative control was treated the same, without cells.

Research Article Microbiology Spectrum

October 2025  Volume 13  Issue 10 10.1128/spectrum.01526-25 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

16
 O

ct
ob

er
 2

02
5 

by
 1

31
.1

80
.1

30
.1

87
.

https://doi.org/10.1128/spectrum.01526-25


EPR spectroscopy further con�rmed the di�erences in the heme environment. The 
WT exhibited two low-spin signals (LS1 and LS2) and one high-spin signal (HS). Only 
the LS2 signal (gz = 2.97) was reduced after the addition of 10 mM sodium dithionite, 
whereas LS1 was una�ected. The e�ect on HS is not consistent. LS2 is a broad signal 
with g-values indicative of nitrogenous ligands (bis-His). LS1 represents a heme with 
a di�erent coordination environment, not both N-ligands. The fact that LS1 is not 
reduced suggests either that the redox potential is very low or that it is not accessible 
to exogenous ligands. Comparing RoSOI1 WT and the R111A mutant, it is very clear 
that the Arg mutant only has LS2 and not LS1. Furthermore, the HS signal seems more 
prominent. The LS2 is also fully reduced after the addition of dithionite. The reduced 
R111A mutant shows an FeS cluster signal, which we attribute to a contaminating 
membrane protein. The increased HS and the g = 4.3 signal may arise from free heme 
and non-speci�cally bound Fe3+, respectively, due to precipitation observed in the R111A 
sample. The addition of substrate to both the oxidized and reduced WT samples results 
in the apparent sharpening of the LS1 and LS2 signals. Perhaps this could indicate the 
existence of two discrete protein conformations for heme in the puri�ed enzyme and 
only one after turnover, or it could indicate substrate/product binding in the vicinity (but 
not directly coordinating) of the heme (Fig. 6).

FIG 5 Activity assay of enriched membrane fraction. The curve indicates the amount of product 2-indanone produced over 60 min, measured at regular time 
intervals in RP-HPLC. The WT showed isomerization activity, whereas H57A showed no activity, and R111A showed several-fold reduced activity. The assay was 
performed in triplicate, and the data points indicate the average of the triplicate measurements, and the error bar indicates the standard deviation. The negative 
control was treated the same without a membrane fraction.
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This study demonstrates that RoSOI1 can be functionally expressed as fusion proteins 
with SUMO, sfGFP, and mCherry. Biochemical and spectroscopic analyses, particularly 
H57A/C and R111A variants, con�rm the essential role of H57 in axial heme coordina­
tion, establishing heme as a catalytic cofactor. EPR spectroscopy reveals the presence 
of di�erent heme environments, whereas R111 appears to stabilize heme binding 
via interaction with the propionate group of the heme. These insights advance our 
understanding of SOI’s unique heme-based isomerization mechanism.

Fluorescence microscopy of sfGFP-tagged SOI revealed its membrane 
localization

To determine the subcellular localization of SOI, cells expressing sfGFP- and mCherry-
fused SOI were studied using �uorescence microscopy. The overproduction of RoSOI1 
with mCherry did not result in detectable �uorescence under a microscope, likely due 
to misfolding (data not shown). In contrast, sfGFP fused at the N-terminus of RoSOI1 
showed strong signals throughout the cells, which could be attributed to the accumula­
tion of partially expressed fusion containing sfGFP protein (Fig. 7g). To overcome this, we 
examined functionally active, C-terminally tagged sfGFP fusions, expressed and observed 
under the microscope at di�erent time points during overproduction. This exhibited 
distinct �uorescence localized at the cell membrane (Fig. 7a through f), suggesting 
proper expression and localization of the full-length fusion protein. Similar localization 

FIG 6 EPR spectroscopy. Both WT and R111A show his-his coordination. WT shows two low spin signals, only one of which reduced after titration with sodium 
dithionite, whereas R111A shows only one low spin that is reduced. The signals have been normalized to the maximal di�erence of the gz and gy signals of LS1. 
The spin signals and their corresponding g-values are given in the table. n.d – not detectable.
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